We introduce NanoPen, a novel technique for low optical power intensity, flexible, real-time reconfigurable, and large-scale light-actuated patterning of single or multiple nanoparticles, such as metallic spherical nanocrystals, and one-dimensional nanostructures, such as carbon nanotubes. NanoPen is capable of dynamically patterning nanoparticles over an area of thousands of square micrometers with light intensities <10 W/cm 2 (using a commercial projector) within seconds. Various arbitrary nanoparticle patterns and arrays (including a 10 × 10 array covering a 0.025 mm 2 area) are demonstrated using this capability. One application of NanoPen is presented through the creation of surfaceenhanced Raman spectroscopy hot-spots by patterning gold nanoparticles of 90 nm diameter with enhancement factors exceeding 10 7 and picomolar concentration sensitivities.
The ability to pattern nanostructures has important applications in medical diagnosis, 1,2 sensing, 3 nano-and optoelectronic device fabrication, 4 ,5 nanostructure synthesis, 6 and photovoltaics. 7 Several techniques such as dip-pen nanolithography, [8] [9] [10] [11] [12] [13] nanofabrication, 14 contact printing, [15] [16] [17] [18] selfassembly, 19, 20 and Langmuir-Blodgett 21 have been used to pattern nanostructures. However, these techniques lack the capability to create real-time reconfigurable patterns without the use of complicated instrumentation or processing steps. Various optical patterning techniques [22] [23] [24] [25] [26] have tried to overcome this challenge. Optical patterning of nanoparticles has been achieved previously by actuating an indium-tin oxide (ITO) layer as a photoconductive material and generating local current densities to concentrate the nanoparticles. However, these methods suffer from a slow patterning process 22 (several minutes to hours) or they require very high optical intensities 23 (∼10 5 W/cm 2 ) to pattern the nanostructures. These limitations prevent the widespread application of such techniques. Alternatively, optical tweezers have been used to manipulate and permanently assemble nanostructures onto the substrate. 24, 25 Moreover, optical tweezers have been combined with local heating of nanoparticles to create convective flows for collection and patterning of particles. 26 However, optical tweezers are also limited to using very high optical intensities (∼10 7 W/cm 2 ) and high numerical aperture objectives, which limits the ease of operation, reduces the available working area, and potentially damages the nanoparticles. 24 Optoelectronic tweezers (OET) 27 work based on the principles of an optically induced dielectrophoresis (DEP) 28 force and have been used extensively to manipulate, separate, and organize microparticles 27, 29 and nanostructures. 30 In addition to the DEP force, two other major electrokinetic forces have been observed and studied in the OET device, 31 namely, light-actuated ac electroosmosis (LACE) 32, 33 and electrothermal (ET) 34 flow. In this paper, we report the novel use of OET optofluidic platform for "directly writing" patterns of nanoparticles. We call this novel technique NanoPen. NanoPen uses various electrokinetic forces (DEP, LACE, and ET) to collect and permanently immobilize nanoparticles on the OET surface. NanoPen can be operated to collect and immobilize single and multiple nanoparticles such as spherical metallic nanocrystals and one-dimensional nanostructures such as multiwall carbon nanotubes. We would like to note that the name NanoPen refers to a method for patterning nanoparticles (a Nanoparticle Pen) and does not mean nanoscale positioning accuracy. Figure 1a shows the device structure for OET nanopatterning optofluidic platform. The OET device consists of a top ITO transparent electrode and a bottom ITO electrode on top of which there is a 1 µm layer of hydrogenated amorphous silicon (a-Si:H). The nanoparticles of interest, such as metallic nanocrystals, carbon nanotubes, and nanowires are dispersed in a KCl/DI (deionized) water solution with 1-10 mS/m conductivity which is sandwiched between the top and the bottom electrode layers. There is an ac voltage applied between the two ITO electrodes, with 10-20 peakto-peak voltage and 10-100 kHz frequency. To actuate the OET device, an optical pattern is projected on the a-Si:H layer, by using either a laser source, a spatial light modulator, or a commercial projector. The light pattern generates electron-hole pairs in the a-Si:H layer, locally increasing the conductivity of the photoconductive material, and transferring the ac voltage to the liquid layer only in the area that the light pattern is present. This will create a nonuniform field distribution in the liquid layer which can interact with particles in the liquid, attracting or repelling them from areas of high electric field intensity according to the DEP principle.
In addition to the DEP force, the presence of the nonuniform electric field and the heat generated by absorption of the light pattern in the a-Si:H result in two other major electrokinetic forces: first, LACE flow; 32, 33, 35 second, ET flow. 31, 34 LACE flow is created due to the interaction of the lateral component of the electric field with the electrical double layer on the a-Si:H surface and is observed mainly at frequencies below 50 kHz. On the other hand, the absorption of the light in the a-Si:H creates a local heat gradient which in turn creates a gradient in permittivity and conductivity of the liquid layer, generating dielectrophoretic forces on the liquid layer. This force drives the liquid in a vortex flow pattern around the illuminated area; this flow is called the electrothermal (ET) flow. Figure 1b depicts finiteelement simulation (using COMSOL Multiphysics) of these electrokinetic forces in the OET chamber for an applied voltage of 20 V pp at 10 kHz, with 1 mS/m liquid conductivity. The DEP 28 force is modeled using
where r is the radius of the particle, ε m is the permittivity of the media, Re{K} is the real part of the Clausius-Mossotti, and E is the electric field; LACE flow is modeled by calculating the slip velocity 36 due to the interaction of the lateral component of the electric field with the electrical double layer on a-Si:
is the zeta potential of the electrical double layer and E t is the lateral component of the electric field; the ET flow can be modeled by calculating the temperature gradient ∇T due to Joule heating in a-Si:H (σ aSi E 2 ) which results in a gradient in permittivity and conductivity of the liquid. The interaction of these gradients with the nonuniform electric field, creates a body force on the liquid given by 34 〈
where σ m and ε m are the liquid conductivity and permittivity, respectively, and κ ε and κ σ are the permittivity and conductivity gradients generated due to the temperature gradient, ∇T. The NanoPen mechanism benefits from the combination of these electrokinetic forces generated in the OET optofluidic platform. In particular, there are two distinct forces that lead to light-actuated patterning of nanoparticles: a collection force responsible for collecting the particles from long-range (over 100 µm) distances and concentrating them in the light spot and an immobilization force which strongly attracts the particles (with up to 0.1 pN forces) and immobilizes them on the OET surface. The collection force benefits from DEP force attraction of particles over the short range and LACE and ET flow-based collection of the particles over the longer range. The immobilization force which is responsible for attracting the particles to the surface is mainly dominated by the DEP force but is also affected by electrophoretic forces due to the particles surface charges. Figure 1c shows NanoPen immobilization and patterning of 90 nm diameter spherical gold nanoparticles (purchased from Nanopartz Inc. 37 ) dispersed in a 5 mS/m solution of KCl and DI water with ∼10
11 particles/mL concentration.
In the beginning, there is no voltage applied to the device and the nanoparticles undergo Brownian motion. Once the voltage is applied (20 V pp at 50 kHz), the nanoparticles are collected in the center of the light spot (continuous wave 633 nm diode laser, 100 µW) and are immobilized on the OET bottom surface. The stage is then manually transported leaving a trace of gold nanoparticles in the illuminated area on the OET surface. Once the immobilization process is complete, the liquid solution can be removed without damaging the patterned structure. The patterned surface remains intact after multiple rinsing and drying steps. In addition, using a diluted nanoparticle solution, NanoPen is capable of patterning single nanoparticles as depicted in Figure S1 of the Supporting Information for patterning a single 90 nm diameter spherical gold nanoparticle. We have also demonstrated that NanoPen is capable of patterning onedimensional nanostructures such as multiwall carbon nanotubes (see Figure S2 in the Supporting Information) as well as semiconducting and metallic nanowires (see Figure S3 in the Supporting Information). The line width and density of immobilized structures can be tuned by adjusting the ac voltage source parameters such as peak-to-peak voltage and frequency, light source parameters such as light intensity and spot size, and operational parameters such as the exposure time and light pattern scanning speed. An example of this area density tuning is shown in Figure 1d where the number of patterned nanoparticles within the illuminated area is increased by increasing the exposure time from 2 to 120 s. After completion of the patterning process, the top ITO is removed and the remainder of the liquid is blow-dried leaving the patterned structures intact. The inset shows the scanning electron microscopy (SEM) image of the patterned spots, the number of particles patterned ranges from ∼250 particles for a 2 s exposure to ∼6500 particles for a 120 s exposure (see Figure S5 in the Supporting Information). Since NanoPen is a light-induced patterning technique, it can be used for dynamic and flexible patterning of nanoparticles by adjusting the projected light pattern using a spatial light modulator. Moreover, the low required optical power intensity for actuation of NanoPen makes it possible to pattern the nanostructures using a commercial projector (Dell, 2400MP with 3000 ANSI Lumens, 1024 × 768 resolution) with <10 W/cm 2 optical intensity. To demonstrate this capability, we have patterned 90 nm diameter gold nanoparticles in the form of a 10 × 10 array over a 150 × 140 µm 2 area, the "NIH" logo over a 160 × 140 µm 2 area, and the "CAL" logo over a 140 × 110 µm 2 area, as shown in panels a, b, and c of Figure 2 , respectively. These arbitrary patterns were created through a Microsoft Powerpoint interface with the projector. The optical patterns were then focused onto the OET chip using a 20× objective. The exposure time for 10 × 10 spot array is 2 min. The slight nonuniformity in the patterns is due to the nonuniformity of the projected light patterns and could be improved through better optical alignment.
Applications of patterned nanostructures range from fabrication of opto-and nanoelectronic devices in the case of nanowires and carbon nanotubes 4, 5 to DNA microarrays 1, 2 depending on the type and characteristics of the patterned nanoparticles. In recent years, metallic nanocrystals have received much attention as local, subdiffraction limited nanosensors 3 for medical and chemical diagnosis and imaging, due to their interesting plasmonic properties. Therefore, NanoPen patterned metallic nanoparticles present a method for flexible and dynamic patterning of surface-enhanced Raman spectroscopy (SERS) sensing structures. To explore this capability further, we tried a solution of Rhodamine 6G (R6G) dye on the surface of an arbitrary NanoPen patterned structure (Figure 3a) . The NanoPen patterned SERS substrates were prepared by patterning a solution of 60-90 nm gold nanoparticles on the OET surface using the NanoPen process. Once the patterning is complete, the top ITO cover glass is removed and the remaining liquid is blow-dried, leaving the patterned area intact. The two-dimensional Raman scan (at 1570 cm -1 Raman shift) of the structure indicates strong signal enhancement in the areas that nanoparticles are patterned. Moreover, we observe that positions with higher nanoparticle concentration (longer exposure time) show better enhancement relative to areas with lower particle density. A typical Raman signal achieved from R6G molecules (using a 3 mW, 532 nm laser excitation) is shown in Figure 3a inset. To quantify the SERS enhancement factor for NanoPen patterned gold nanoparticles, we dried 1-10 µL droplets of a 100 nM solution of trans-1,2-bis(4-pyridyl)ethene (BPE) 38 molecules on a patterned area, followed by a 2 min rinse with methanol and water. Raman measurements were then performed using a Raman setup built around an inverted TE2000 Nikon microscope. Objectives of 10×, 40×, or 60× were used to focus the laser source (785 nm, 30 mW) onto the sample and collect the Raman signal. As shown in Figure 3b , the enhancement factor is calculated by comparing the Raman signal intensities acquired from the 100 nM BPE molecules dried on the SERS structures to the Raman intensities acquired from a benchmark solution of 10 mM BPE. At the 1200 cm -1 Raman shift peak, the Raman intensity for 100 nM solution for the SERS structures is 32000 counts versus 250 counts for the 10 mM benchmark solution leading to an enhancement factor (EF) of , with the 10 mM benchmark solution Raman signal multiplied by a factor of 25 to make it more visible. The BPE Raman signals were achieved for 4 s integration using a 30 mW, 785 nm laser source, and all signal levels are measured relative to the background. In addition, we observed a strong SERS signal with concentrations as small as picomolars (see Figure S6 in Supporting Information). Currently, due to the small size of the patterned particles (<100 nm), the positioning accuracy is limited predominantly by Brownian motion and the diffraction-limited spot size. Moreover, NanoPen requires the use of a photoconductive thin-film substrate for the patterning process to work. However, after patterning the structures in the desired locations, the photoconductive film can potentially be removed 39 to allow further processing steps. In this work, we have focused on patterning one kind of a particle at a time. However, this limitation can be overcome through integration of NanoPen with microfluidic channels to form a complete optofluidic 40 system. Such integration would help realize promising applications such as the creation of DNA microarrys. However, future investigations need to be done to study the operational conditions of NanoPen for patterning biomaterials such as DNA and various proteins. Furthermore, since the immobilization force is dominated by the dielectrophoresis force, it can potentially be tuned according to particle size and material properties. In addition, the wellunderstood surface chemistry 41 of gold nanocrystals makes them ideal carriers of other materials such as DNA; therefore, NanoPen patterning of gold nanoparticles can be used to pattern other materials conjugated to the gold surface. In its present form NanoPen introduces a flexible, real-time reconfigurable, large-scale, and low-power method for patterning various nanostructures with potential applications in chemical and biological sensing, opto-and nanoelectronic device fabrication, nanostructure synthesis, and photovoltaics.
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